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We report muon spin rotation and magnetic susceptibility experiments on in-plane stress effects
on the static spin-stripe order and superconductivity in the cuprate system La2−xBaxCuO4 with x =
0.115. An extremely low uniaxial stress of ∼ 0.1 GPa induces a substantial decrease in the magnetic
volume fraction and a dramatic rise in the onset of 3D superconductivity, from∼ 10 to 32 K; however,
the onset of at-least-2D superconductivity is much less sensitive to stress. These results show
not only that large-volume-fraction spin-stripe order is anti-correlated with 3D superconducting
(SC) coherence, but also that these states are energetically very finely balanced. Moreover, the
onset temperatures of 3D superconductivity and spin-stripe order are very similar in the large
stress regime. These results strongly suggest a similar pairing mechanism for spin-stripe order, the
spatially-modulated 2D and uniform 3D SC orders, imposing an important constraint on theoretical
models.
Cuprate superconductors are believed to exhibit com-
peting superconducting orders: uniform d-wave vs. pair
density wave (PDW) order [1, 2]. The latter was pro-
posed [3] to explain the observation of 2-dimensional
(2D) superconductivity with depressed 3D order in
La2−xBaxCuO4 (LBCO) near x = 1/8 with spin-stripe
order [4]. Whether these states involve distinct electron-
pairing mechanisms remains unresolved.
The conventional BCS theory of superconductivity is
based on the Fermi liquid model of electronic states, in
which uniformity in real space is assumed and electronic
states are characterized entirely by their distribution in
reciprocal space. Many discussions of superconducting
cuprates have focused only on the nature of the bosonic
“glue” responsible for electron pairing [5–7]. In contrast,
others have argued that spatial inhomogeneity is intrinsic
to the hole-doped cuprates and a key to understanding
the pairing mechanism [8, 9]. Indeed, recent many-body
calculations suggest that the uniform and striped (spa-
tially modulated) superconducting states are very close
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in energy [10, 11]. At present, the mechanism that con-
trols the competition between such states is still unclear.
Studies of LBCO can provide helpful insight into this
unresolved issue, since one of the most astonishing man-
ifestations of competing ordered phases occurs in this
system [12]. As shown in Fig. 1a, the phase diagram
of LBCO exhibits a large dip in the bulk 3D supercon-
ducting transition temperature, Tc, centered at x = 1/8,
coincident with static charge- and spin-stripe order [12]
(see Fig. 1b). Nevertheless, 2D superconductivity onsets
at 40 K, together with spin-stripe order [4]. A finite in-
terlayer Josephson coupling would normally be expected
to lock the phases of the superconducting wave function
between the layers, resulting in 3D order. To explain
the apparent frustration of interlayer Josephson coupling,
pair-density-wave order within the layers has been pro-
posed [3, 13], which is compatible with both the charge-
and spin-stripe orders.
What happens when the stripe order is perturbed? A
recent transport study on LBCO x = 0.125 under strong
magnetic fields (applied along the c-axis) provided evi-
dence that the putative pairing within the charge stripes
is remarkably robust [14]. High pressure experiments
on LBCO x = 0.125 have found that the impact on
the 3D superconducting transition temperature is quite
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Figure 1. (a) The schematic temperature-doping phase diagram of La2−xBaxCuO4. The arrow indicates the present doping
value. The inset illustrates the orthogonal stripe directions between neighbouring layers. The various phases in the phase
diagram are denoted as follows: charge-stripe order (CO), low-temperature orthorhombic (LTO), low-temperature tetragonal
(LTT), spin-stripe order (SO), and 3D superconductivity (SC). (b) Illustration of a domain of spin- and charge-stripe order for
a layer of LBCO, indicating the periods of the charge (4a) and spin (8a) modulations. (c) The temperature dependence of the
ZFC magnetic susceptibility for La1.885Ba0.115CuO4. (d) The uniaxial stress sample holder, used for the µSR experiments.
modest, even beyond the critical pressure where the long-
range structural anisotropy, assumed necessary to pin the
charge stripes, is absent [15, 16]. An optical pump-probe
study of LBCO x = 0.115 found evidence for the sup-
pression of charge-stripe order together with enhanced
interlayer superconducting coherence [17]; however, the
dynamic character of such measurements is not without
ambiguity.
Here we perturb a crystal of LBCO x = 0.115 [18] with
in-plane compressive stress applied to the CuO2 layers,
using an in situ piezoelectrically-driven stress device [19–
21], while microscopically probing the spin-stripe order
with muon spin rotation (µSR) [16, 22–26] spectroscopy
and the superconducting transitions with ac susceptibil-
ity. The details on the µSR technique, data analysis, the
uniaxial stress device and the sample mounting are given
in the supplementary information.
The diamagnetic response of the LBCO x = 0.115 crys-
tal, measured before mounting in the stress apparatus,
is shown in Fig. 1c. The sample was zero-field cooled
and then measured in a dc field of µ0H = 0.5 mT. The
field was applied parallel to the CuO2 planes, so that the
resulting shielding currents must flow between the lay-
ers, making the measurement sensitive to the onset of
3D superconductivity near 11 K, consistent with previ-
ous work [27, 28]. The onset of weak diamagnetism near
22 K corresponds to the 2D superconducting order, as
confirmed by the T dependence of the in-plane resistiv-
ity (Fig. 2b), which effectively drops to zero at 22 K.
Besides the SC transition, an anomaly is seen in the re-
sistivity data at TLTT 50 K (Fig. 2b), which is related
to the structural phase transition from a high tempera-
ture orthogonal (LTO) to a low temperature tetragonal
(LTT) phase.
A photograph of the µSR sample holder, which is used
to apply uniaxial-stress to the LBCO-0.115 sample, is
shown in Fig. 1d. The compressive stress was applied at
an angle of 30◦ to the Cu-O bond direction, denoted as
[100]. A previous study of La1.64Eu0.2Sr0.16CuO4 found
a rapid enhancement of bulk Tc under in-plane uniaxial
stress, especially for stress along [110] directions [29]. To
monitor the effect of stress on superconductivity in our
case, in situ ac susceptibility measurements were per-
formed, with an excitation field mostly along the c axis,
either just before or after the µSR measurements, at each
stress value. The results are shown in Fig. 2a. A compar-
3Figure 2. (a) The temperature dependence of the (dia)magnetic susceptibility for La1.885Ba0.115CuO4, recorded at ambient
(left axis) and under various degrees of compressive stress (right axis). Arrows mark the onset temperature Tc,ons and the
temperature Tc,mid at which χdc = −0.5. (b) The temperature dependence of the in-plane resistivity (without stress). Electrodes
and contacts were placed on the sample as schematically shown in the inset. (c) Schematic temperature-doping phase diagram,
indicating the enhancement of 3D SC critical temperature Tc,3D under stress for the LBCO x = 0.115 sample. The value of the
Tc,3D under maximum stress is quite similar to the optimal value of SC critical temperature observed in LBCO. The dashed
line represents the hypothetical SC phase boundary, expected under applied stress in the broader region around 1/8 doping.
ison with the dc measurement reveals that some stress is
present even when the voltage applied to the piezoelec-
tric force generator is zero; possibly due to differential
thermal contraction (see Supplementary information for
the details of the device). To characterize the changes in
superconducting critical temperature, we identify the on-
set temperature Tc,ons (which equals Tc,2D at zero stress)
and midpoint temperature Tc,mid (which is a good mea-
sure of 3D SC order temperature Tc,3D), as indicated in
Fig. 2a , and take the strongest diamagnetic response
seen to indicate 100 %-volume-fraction superconductiv-
ity. As one can see, the compressive stress causes a rapid
linear rise of Tc,mid from 7 to 32 K (with a growth rate
of 62.5 K/kbar), where it saturates. The change in Tc,ons
is much more modest. Namely, Tc,ons increases from 22
to 32 K. Consequently, as indicated in Fig. 2c, the bulk
transition Tc,3D rises from a very suppressed value to the
one that is quite similar to the optimal value of SC crit-
ical temperature observed in LBCO or La2−xSrxCuO4
(LSCO) at the same doping level [30].
The evolution of the spin-stripe order with compres-
sive stress was characterized by a combination of weak
transverse-field (TF) and zero-field (ZF) µSR measure-
ments. In a µSR experiment, positive muons are im-
planted into the sample, where each muon spin precesses
in the local magnetic field. The time dependent polar-
ization P (t) of the ensemble is monitored by detecting
the positrons ejected when the muons decay (see Meth-
ods section in supplementary for details). µSR is an
ideal technique for probing materials such as cuprates,
where competing phases may exist together and form
microscopic inhomogeneity. Measuring the asymmetry
between muons counted in detectors on opposite sides
of the sample, and then dividing by the maximum pos-
sible signal, one obtains the muon polarization function
PTF(t), several examples of which are shown in Fig. 3a.
In a weak-TF measurement, muons in regions that have
no local magnetic order precess in the small applied field.
Muons that stop in regions with magnetic order and
therefore experience the vector sum of external and in-
ternal fields, dephase rapidly. This causes a rapid re-
duction in the observable PTF(0) (see methods section in
Supplementary). Thus, the maximum amplitude of the
weak-TF µSR signal is proportional to the non-magnetic
fraction, and the magnetic volume fraction Vm can be
taken to be 1−PTF(0). At 45 K and zero applied stress,
PTF(0) = 1, indicating that there is no magnetic order.
At 3 K, PTF(0) is greatly reduced, indicating the devel-
opment of magnetic order in most of the sample volume.
Plots of the temperature dependence of Vm for various
stresses are presented in Fig. 3c. As stress is applied
there is a decrease in the spin-ordering temperature Tso,
from ∼ 38 K at 0 GPa to ∼ 30 K at 0.09 GPa. Vm de-
creases much more steeply: at 3 K, by a factor of two
and at 10 K, by factor of three at 0.09 GPa.
In ZF µSR measurements, the muon spins precess ex-
clusively in the internal local field associated with the
static magnetic order, with the collective response av-
eraging over the distribution of muon sites relative to
the local modulations of the internal field. As shown in
Fig. 3b, several oscillations remain clearly observable un-
der increasing compressive stress values, despite a strong
reduction in magnetic volume fraction. The characteris-
tic internal field Bint at the muon stopping site can be
extracted from the oscillation frequency, as described in
the Methods section in the Supplementary information.
Our overall results are summarized in Fig. 4. The spin-
stripe order temperature Tso and superconducting tran-
sition temperatures are plotted against stress in Fig. 4a.
The stress dependence of the magnetic volume fraction
and internal magnetic field at 3 K are shown in Fig. 4b.
Figure 4a shows that the crossover from 2D to 3D su-
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Figure 3. (a) The weak-TF µSR spectra, recorded for La1.885Ba0.115CuO4at the base temperature T = 3 K under various
degrees of compressive stress. (b) The zero-field µSR spectra, recorded at the base temperature under various stresses. (c) The
temperature dependence of the magnetically ordered volume fraction recorded under various stresses, as deduced from the TF
µSR data shown in panel (a).
perconducting order occurs at a characteristic uniaxial
stress of σcr = 0.04 GPa. The dominant change of the
spin-stripe order induced by uniaxial stress is a strong re-
duction in Vm. Vm starts to decrease more rapidly above
σcr, and the reduced Vm correlates with the increase (and
saturation) of Tc,mid. The 2D-3D crossover has the ap-
pearance of a transition that is intrinsically first-order,
but broadened by stress inhomogeneity. Further exper-
iments under extremely homogeneous stress conditions
are needed to shed light on precise nature of stress in-
duced 2D-3D transition. We note that, only a modest
stress-induced decrease in Tso (Fig. 4a) and in Bint (Fig.
4b) is resolved, indicating that the magnetic structure
is well ordered also under stress. Interestingly, Tso de-
creases to essentially match Tc,mid for σ > σcr. There
might be a several reasons for the decrease of Bint (Fig.
4b): (1) A decrease of the ordered magnetic moment. (2)
Slight shift of the muon position due to the modification
of the crystal structure. (3) A continuous reorientation
of the spin-stripe structure (see supplement), due to a
possibly weakened local pinning to the atomic structure
as a result of the applied stress.
To interpret these results, we first recall that the preva-
lent electronic structure far away from x = 1/8 is a spa-
tially uniform state, with neither magnetic nor charge or-
der, but with uniform d-wave superconductivity. Close to
x = 1/8 a competing phase emerges, with charge and spin
stripes pinned along the a- and b-axes [12, 31], their ori-
entation alternating from layer to layer [32] (see inset in
Fig. 1a). The difference in ordering temperatures for 2D
and 3D superconducting order in LBCO with x near 1/8,
as we observe here, implies a strong frustration of the in-
terlayer Josephson coupling. This strong frustration has
been rationalized by suggesting PDW order in the layers,
with the sign of the superconducting order parameter al-
ternating from stripe to stripe, such that the Josephson
coupling between adjacent layers with orthogonal stripes
is perfectly geometrically frustrated [2, 3]. Further ex-
perimental support for PDW order is provided by recent
STM data [33]. A perfect stripe phase would, however,
suppress the 3D ordering temperature much more than
what is observed for LBCO-0.115. This indicates that
perfect frustration is probably lifted, either by local de-
viations from perfect orthogonality of the stripes in ad-
jacent layers, or by the inclusion of patches that remain
in the uniform phase. The off-stoichiometric doping in
LBCO-0.115 means that local inhomogeneity is likely to
be stronger, and patches of uniform superconductivity
are likely to be able to establish percolative 3D phase
coherence at a higher temperature than at x = 1/8, and
indeed, at zero stress Vm is 85 %, not 100 %, showing
that the electronic structure of the sample is not homo-
geneous.
Applied stress can reinforce both types of deviations
from perfect geometric frustration. Since stress distorts
the crystal from its tetragonal symmetry, it disfavors or-
thogonal stripes and thus is expected to promote the
abundance of uniform patches. Patches in adjacent layers
whose projections overlap, mediate a non-zero interlayer
coupling. However, as long as the patches are sparse, the
PDW of the stripes dominates the intralayer physics, and
the intralayer order parameter has a vanishing uniform-
component. Accordingly, the interlayer couplings remain
frustrated, very much like in an XY spin glass. These
couplings can nevertheless induce an amorphous (glass-
like) superconducting 3D order at a finite temperature
Tc,3D, which in general is lower than Tc,2D. As the frac-
tion of uniform patches increases, Tc,3D grows. Beyond
a critical fraction of such patches, the superconducting
phase will develop a uniform (Q = 0) long-range order
both within and between the planes. At that point, Tc,3D
must coincide with Tc,2D.
Since spatially-uniform d-wave superconducting order
in cuprates is empirically known not to show internal
static magnetic order, the scenario of a stress enhanced
abundance of uniform patches is consistent with our ob-
servation of a significant decrease in magnetic volume
fraction which correlates with the increase of Tc,3D. A
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Figure 4. (a) The compressive stress dependence of the SC transition temperatures and of static spin-stripe order temperature
Tso in LBCO x = 0.115. Black arrow marks the critical stress value σcr, above which a sharp 3D SC transition is established.
(b) The stress dependence of the base-T value (T = 3 K) of the magnetically ordered fraction Vm and the value of the internal
magnetic field Bint. The SC fraction is only schematic.
mere reorientation of stripes would instead be hard to
reconcile with a decrease in Vm. Given the drastic change
in the superconducting order, it seems likely that the
stress reduces the LTT tilting angle [34, 35] or induces
a transition to the low-temperature orthorhombic (LTO)
phase in some parts of the sample, like the one present
in the superconducting phase of LSCO [31], where 3D
superconductivity with a similar Tc has been observed to
coexist with Vm ≈ 20% [36]. The observation of nonlin-
ear stress-strain (force-displacement) response (cf. Sup-
plementary Information) provides indirect evidence for
structural transitions, that could lead to the formation
of additional uniform patches. In this context, it is worth
pointing out a recent theoretical work on the coexistence
of zero and finite momentum superconductivity [37] in
which a first order transition between a state with lead-
ing PDW order and sub-leading uniform SC order and a
state where the roles are reversed follows naturally in a
model with local attraction and repulsive pair hopping.
A key point here is that the variation in onset temper-
atures of superconductivity, as stress shifts the balance
from 2D to 3D superconducting order, is quite modest.
This suggests that the underlying (local) pairing mech-
anisms are essentially the same in the alternative su-
perconducting states with and without spin-stripe order.
What evolves instead is the degree to which fluctuations
play a role and the way the bulk coherence is established.
Remarkably, the stress required to establish the 3D co-
herence is very small: σcr ∼ 0.04 GPa (strain of ∼ 0.05
%), which is much smaller than the stress∼ 1 GPa (strain
of 1 %), which is required to, for instance, induce 3D
charge density wave order in ∼ 1/8-doped YBCO [38].
Such tiny stress values are not expected to drive strong
changes in the underlying electronic structure in mate-
rials such as LBCO. Thus, we conclude that the PDW
state in unstressed LBCO-0.115 and the 3D supercon-
ductivity in uniaxially stressed LBCO are very close in
free energy. Moreover, the onset temperature for the 3D
superconductivity and spin-stripe order are quite similar
in the not so frustrated large stress regime (beyond the
critical stress σcr ∼ 0.04 GPa), from which we infer that
the same kind of electronic interactions are responsible
for both phenomena. Given that photoemission studies
on LBCO and LSCO at compositions with spin-stripe
order indicate the absence of sharply-defined quasiparti-
cle peaks [39, 40], it appears that any realistic theory of
the pairing should not rely on Fermi-liquid theory as a
starting point.
Our experiment has important implications for the
field of high-temperature superconductivity and, hence,
should stimulate the development of an adequate the-
ory. It also leads to new questions, such as: What is
the impact of the stress on the crystal structure and
charge-stripe order? How do these effects vary with dop-
ing? How does the transition between PDW and uniform
d-wave SC states happen? Future experiments will be
needed to provide answers. In any case, our results pro-
vide a new example of the intriguing behavior that can
be uncovered by studies with applied uniaxial stress.
In conclusion, we use muon spin rotation and mag-
netic susceptibility measurements to follow the evolu-
tion of spin-stripe order and superconductivity in LBCO
6with x = 0.115 as a function of stress applied within the
CuO2 planes. We observed that an extremely low uniax-
ial stress of ∼ 0.1 GPa causes a substantial reduction of
the magnetic volume fraction and a dramatic rise, from
∼ 10 to 32 K, in the onset of 3D superconductivity, while
the onset of 2D superconducting order weakly and contin-
uously shifts to the one of the 3D order. Moreover, the
onset temperatures for 3D superconductivity and spin
stripe order are quite similar in the large stress regime.
These results suggest that the underlying pairing mecha-
nisms are essentially the same in the spatially-modulated
2D and the uniform 3D superconducting states, and that
the presence of large-volume-fraction spin-stripe order lo-
cally inhibits the development of 3D superconductivity.
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8II. SUPPLEMENTARY INFORMATION
A. METHODS
1. Sample preparation
A polycrystalline sample of La2−xBaxCuO4 with x
= 0.115 was prepared by the conventional solid-state
reaction method using La2O3, BaCO3, and CuO as
precursors. The single-phase character of the samples
was checked by powder x-ray diffraction. The single
crystal of La2−xBaxCuO4 with x = 0.115 was grown
by the traveling-solvent floating-zone [18] method. All
the measurements were performed on samples from the
same batch.
2. Principles of the µSR technique
Static spin-stripe order in La2−xBaxCuO4 with x =
0.115 was studied by means of zero-field (ZF) and weak
transverse-field (weak-TF) µSR experiments. In a µSR
experiment an intense beam of 100 % spin-polarized
muons is stopped in the sample. The positively charged
muons (momentum pµ = 29 MeV/c) thermalize in the
sample at interstitial lattice sites, where they act as mag-
netic microprobes. In a magnetic material the muon
spins precess in the local field Bµ at the muon site with a
Larmor frequency ωµ = 2pi νµ = γµBµ [muon gyromag-
netic ratio γµ/(2pi) = 135.5 MHz T
−1]. In a ZF µSR ex-
periment, positive muons implanted into a sample serve
as an extremely sensitive local probe to detect small in-
ternal magnetic fields and ordered magnetic volume frac-
tions in the bulk of magnetic materials. Thus, µSR is a
particularly powerful tool to study inhomogeneous mag-
netism in materials.
The muons µ+ implanted into the sample decay after a
mean life time of τµ = 2.2 µs, emitting a fast positron e
+,
preferentially along their spin direction. Various detec-
tors placed around the sample track the incoming µ+ and
the outgoing e+. When the muon detector records the ar-
rival of a µ+ in the specimen, the electronic clock starts.
The clock stops when the decay positron e+ is registered
in one of the e+ detectors, and the measured time inter-
val is stored in a histogramming memory. In this way a
positron-count versus time histogram is formed. A muon
decay event requires that within a certain time interval
after a µ+ has stopped in the sample an e+ is detected.
This time interval extends usually over several muon life-
times (e.g., 10µs). In the Dolly instrument the sample
is surrounded by four positron detectors (with respect
to the beam direction): Forward, Backward, Left, and
Right. After several millions of muons stopped in the
sample, one at a time, one obtains a histrogram for the
positrons e+ revealed in the forward (NF), the backward
(NB), the left (NL) and the right (NR) detectors. Ideally,
the histrogram counts are described by:
Nα(t) = N0e
− tτµ [1 +A0 ~P (t)~nα] +Nbg. (1)
Here, the exponential factor accounts for the radioac-
tive muon decay. ~P (t) is the muon-spin polarization func-
tion with the unit vector ~nα (α = F, B, L, R) along the
direction of the positron detector. N0 is a parameter pro-
portional with the number of the recorded events. Nbg is
a background contribution due to uncorrelated starts and
stops. A0 is the initial decay asymmetry, depending on
different experimental factors, such as the detector solid
angle, absorption, and scattering of positrons in the ma-
terial. Typical values of A0 are between 0.2 and 0.3.
Since the positrons are emitted predominantly in the
direction of the muon spin (here precessing with ωµ),
the forward and backward detectors will detect a signal
oscillating with the same frequency. In order to remove
the exponential decay (which reflects simply the muon’s
finite lifetime), the so-called reduced asymmetry signal
A(t) is calculated:
A(t) =
NF,L(t)−NB,R(t)
NF,L(t) +NB,R(t)
= A0P (t), (2)
where, NF,L(t) and NB,R(t) are the number of positrons
detected in the Forward(Left) and Backward(Right)
detectors, respectively. The quantities A(t) and P (t)
depend sensitively on the static spatial distribution and
the fluctuations of the magnetic environment of the
muons. As such, these functions reflect the physics of
the investigated system [26].
3. Analysis of ZF µSR data
The µSR signals (Figure 3b of the main text) in the
whole temperature range were analyzed by decomposing
the signal into a magnetic and a nonmagnetic contribu-
tion:
PZF (t) = Vm
[
fαe
−λT tJ0(γµBintt) + (1− fα)e−λLt
]
+(1− Vm)e−λnmt.
(3)
Here, Vm denotes the relative volume of the magnetic
fraction, and Bint is the maximal value of the internal
field distribution (Overhauser distribution). λT and λL
are the depolarization rates representing the transverse
and the longitudinal relaxing components of the mag-
netic parts of the sample. f and (1− f) are the fractions
of the oscillating and non-oscillating components of
the magnetic µSR signal. J0 is the zeroth-order Bessel
function of the first kind. This is characteristic of an
incommensurate spin density wave, as well as of broad
9internal field distributions with fields ranging from zero
to a maximal field and has been regularly observed in
cuprates with static spin-stripe order [16, 22, 34]. λnm
is the relaxation rate of the nonmagnetic part of the
sample, where the spin-stripe order is absent. All the
µSR time spectra (both ZF and TF) were analyzed
using the free software package musrfit [24].
4. Analysis of weak-TF µSR data
The weak-TF asymmetry spectra, shown in Fig. 3a of
the main text, were analyzed by using the function:
PTF (t) = PTF (0) exp(−λt) cos(ωt+ φ), (4)
where t is time after muon implantation, PTF(t) is
the time-dependent polarisation, PTF(0) is the initial
polarisation (amplitude) of the low frequency oscillat-
ing component (related to the paramagnetic volume
fraction), λ is an exponential damping rate due to
paramagnetic spin fluctuations and/or nuclear dipolar
moments, ω is the Larmor precession frequency, which
is proportional to the strength of the external transverse
magnetic field, and φ is a phase offset. As it is stan-
dard for the analysis of weak-TF data from magnetic
samples the zero for PTF(t) was allowed to vary for
each temperature to deal with the asymmetry baseline
shift occuring for magnetically ordered samples. From
these refinements, the magnetically ordered volume
fraction at each temperature T was determined by Vm
= 1 – PTF(0)(T ). In the paramagnetic phase at high
temperature PTF(0)(T > Tso) = 1.
In general, weak-TF signal consists of long-lived
oscillations with an applied field and strongly damped
oscillations from muons in magnetically ordered regions
experiencing a broad field distribution due to the vector
sum of applied and internal fields. It is clear from Fig.
3b that in ZF µSR, the depolarisation occurs on a ∼
0.5 µs time scale. However, in TF µSR data, due to
a distribution in the angle between the applied and
internal fields, the inhomegeneity of the field magnitude
is large in the magnetically ordered regions, which causes
a strong dephasing of the muons. Therefore and due to
a strong data binning which averages the signal in the
time bins, the strongly damped signal from muons in
magnetic areas of the sample is not visible in weak-TF
spectra.
5. Uniaxial stress device
Here, we briefly discuss about the uniaxial stress device
and the sample geometry used during the experiments.
We used the piezoelectric-driven uniaxial stress device
designed for operation at cryogenic temperatures [19],
where the sample geometry and sample size are suitable
for muon-spin rotation and relaxation experiments. The
apparatus fits into the Oxford Instruments Heliox 3He
cryostat of the general-purpose instrument Dolly on
the piE1 beamline at the Paul Scherrer Institute. The
sample is mounted in a detachable holder, made of
titanium [19] (Fig. 5a-b), that allows a rapid sample
exchange. The sample holder attaches to the main part
of the apparatus, which is called the force generator,
and which contains the piezoelectric actuators. The
use of piezoelectric actuators allows continuous in
situ tunability of the applied pressure. The holder
incorporates two pairs of flexures that serve to protect
the sample against inadvertent torques and transverse
forces. The space around the sample is kept as open as
possible, so that muons that do not impact the sample
pass through and are picked up by the veto counter
(the purpose of the veto counter is to reject muons and
their decay positrons that have missed the sample).
The sample plates were masked with hematite (Fe2O3)
foils, which strongly depolarize the incoming stray
muons resulting in a loss of the signal. We were able to
stop around ∼ 40% of the incoming muons in the sample.
The uniaxial stress device is mainly comprised of two
pairs of piezoelectric actuators: one fixed with the device
frame (termed as tension stack) and one with the sample
(termed as compression stack). The piezoelectric-driven
device is preloaded with a force of ∼ 1000 N using a
compression spring. By adjusting the relative voltages in
the tension and the compression stacks, we can vary the
fraction of the preload applied to the device and hence
the sample. The apparatus can only apply compressive
forces, whereas, a mechanical gap opens up between the
compression stack and the sample holder as soon as the
force becomes tensile, constraining the use of our device
in tensile stress mode. This is where the sample reaches
the zero force position. The displacements and the ap-
plied forces were measured using strain gauge bridges
(from Tokio Sokki). The instrumental details of our uni-
axial stress apparatus are reported in [19, 20].
We used a La1.885Ba0.115CuO4 sample (referred to as
LBCO-0.115 in the following) (7 mm × 4 mm × 0.6 mm)
oriented along a crystallographic direction which is off by
30 ◦ from the a axis. The sample was fixed on the sample
holder using epoxy (Stycast- 2850 FT). Figure S1 shows
the photographs (taken from different viewing angles) of
LBCO-0.115 mounted on the sample holder made from
Grade-2 Ti. As mentioned in the main article, a pair of
coils (each having 100 turns) was placed very close to the
sample for in situ ac-susceptibility (ACS) measurements,
which allowed us to determine the Tc of LBCO-0.115 un-
der different stress conditions. In order to mask the sur-
face of the sample holder exposed to the muon beam,
we used hematite pieces, which strongly depolarizes the
incoming muons, hence resulting in loss of asymmetry
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(signal). The area facing the muon beam was therefore
4 × 4.2 mm2. In this way, we were able to stop ∼ 40 %
of the incoming muons in the sample.
The sample was cooled down while keeping the piezo-
electric actuators grounded. We applied the compressive
stress at 45 K followed by cooling the system down to 2
K. ACS and µSR measurements were carried out upon
warming the sample. In order to apply a compressive
stress to the sample, a positive voltage was applied in
the compression stack (VC). To avoid possible electri-
cal discharges of He gas at 45 K, we had to limit VC to
+100 V. To achieve a higher compressive force, we kept
VC = +100 V and applied a negative voltage in the ten-
sion stack (VT). Figure 6 depicts the smooth response
of the force sensor as a function of the displacement sen-
sor reading during the application of compressive force to
the sample. We observed a small anomaly in the force-
displacement curve while VT was decreased from −25 V
to −50 V (while keeping VC = 100V). Since we did not
observe any signs of damage or slip of the sample, this
is likely caused by a change in sensitivity of the lock-in
amplifier. We note that the force vs displacement curve
is sensitive to a structural transformation. If the stress
does not induce a structural transition or a plastic defor-
mation, the force varies linearly with the displacement.
In the present case, the force vs displacement is slightly
nonlinear at low stresses. The voltage where the linear
extrapolations of low- and high-voltage regions cross is
in the region between VC = 50–75 V. This may indi-
cate a structural phase transition (full or partial) from
a low-temperature tetragonal- to a high-temperature or-
thorhombic phase around a critical voltage Vcr = 50 – 75
V. The reason for the broad transition around Vcr most
likely stems from the stress inhomogeneity and from the
fact that the set up is not fully optimized to precisely
follow the structural phase transition. More on a purely
technical level, in some cases the displacement sensor can
show strong anomalies as the piezo make contact to the
transmission column, i.e., around the zero-force point.
Future detailed experiments are needed to explore the
structural aspects in detail.
By using the force-sensor calibration described in
detail elsewhere [20, 21], we estimated the force applied
to LBCO-0.115. We find that 1 µV (change in the force
sensor reading from the zero force position) corresponds
to ∼ 30.5 N and the maximum applied force is ∼ 210
N. Our sample had a cross section area of 2.4 mm2,
which results in a maximum applied stress of ∼ 0.09
GPa. Figure 7 shows the calibration curve, where the
estimated stress values σ are plotted as a function of the
total applied voltage to the actuators (VC - VT).
B. Results
1. Uniaxial stress effect on the direction of the internal
magnetic field
Apart from the magnetic ordering temperature and the
magnetic fraction, it is instructive to evaluate the stress
dependence of the value, as well as the direction of the
internal magnetic field, arising from the spin-stripe order.
This was done through zero-field (ZF) µSR experiments.
The measurements were performed with the initial muon
spin polarisation at an angle of 40◦ with respect to the
c-axis of the crystal, as illustrated in Fig. 8c. The sam-
ple was surrounded by two-pairs of detectors: Forward-
Backward (F-B) and Left-Right (L-R). Figures 8a and b
show representative zero-field (ZF) µSR time spectra for
the single crystal LBCO-0.115, recorded using L-R and
F-B detectors, respectively. The spectra are recorded at
T = 3 K for zero and various applied stresses and at T =
45 K for zero stress. At T = 45 K, the sample is in the
paramagnetic state. The paramagnetic state causes only
a very weak depolarization of the µSR signal. This weak
depolarization and its Gaussian functional form are typi-
cal of a paramagnetic material and reflect the occurrence
of a small Gaussian Kubo-Toyabe depolarization, origi-
nating from the interaction of the muon spin with ran-
domly oriented nuclear magnetic moments. At the base
temperature, damped oscillations due to muon-spin pre-
cession in internal magnetic fields (with an Overhauser
type of field distribution) are observed, indicating the for-
mation of static spin order in the stripe phase of LBCO-
0.115 [16, 22, 34]. In a single crystal, the amplitude of the
oscillation is proportional to two quantities: the magnet-
ically ordered volume fraction Vm and the angle between
the muon spin polarisation and the internal field θ (see
Fig. 8d, where the muon spin precession around the in-
ternal magnetic field, for two extreme cases Bint ⊥ c and
Bint ‖ c, is schematically illustrated). For the internal
field direction, shown in the top panel of Fig. 8d, the
µSR signal from F-B detectors exhibits the maximum
amplitude and no oscillations will be detected in the L-R
detectors. The opposite will be observed for the config-
uration shown in the bottom panel of Fig. 8d. Thus, by
evaluating the data from all four detectors one can obtain
useful information on the direction of the internal field
and, therefore, the local spin configuration. Figs. 8a-b
show that the application of stress causes a substantial
reduction of the signal amplitude. A careful inspection
of the data from all four detectors reveals that the strong
effect on the amplitude cannot be fully explained by the
reduction of the volume fraction, as evidenced by weak-
TF µSR, shown in the main text. In part, it results from
a change of the direction of the internal field at the muon
stopping site. Taking into account the independently de-
termined volume fraction (from weak-TF µSR) for the
analysis of the zero-field µSR data, we can extract the
fraction of the oscillating components fLR and fFB, for L-
R and F-B detectors, respectively. Both such components
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depend only on the angle θ between the internal field and
the muon spin polarisation. These quantities should be
constant with respect to the applied stress, as long as
the direction of the internal field does not change. Thus,
they provide qualitative information about the internal
field orientation and therefore, the local spin structure.
As shown in Fig. 9, fLR and fFB show a non-monotonous
change with stress, implying a change in the direction of
the internal field with stress. This, in turn, evidences that
with stress the stripe direction is somewhat modified. At
present, we do not have a quantitative understanding of
how stress modifies the stripe direction, which opens the
way to rigorous experimental and theoretical studies to
fully exploit this aspect. We note also that a change of
the muon position due to structural changes might con-
tribute to the observed effect.
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Figure 5. Photograph of the LBCO-0.115 crystal mounted on the sample holder. (a) View from the direction of the incoming
muon beam. Hematite pieces masking the holder frame exposed to the muon beam. (b) Side view of the sample showing ACS
coil.
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Figure 8. (a,b) The zero-field µSR spectra, recorded at the base temperature under various stress values. (c) A schematic
overview of the experimental setup for the muon spin forming 40◦ with respect to the c-axis of the crystal. The sample was
surrounded by four detectors: Forward (F), Backward (B), Left (L) and Right (R). (d) Schematic illustration of the muon spin
precession around the internal magnetic field for two cases: (top) The field is perpendicular to the c-axis and points towards
the L-detector. θ is the angle between the magnetic field and the muon spin polarization at t = 0. (bottom) The field is parallel
to the c-axis of the crystal and points towards the F-detector.
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